Abstract
To examine the genetic control of wood shrinkage (radial, tangential and longitudinal) in juvenile wood of radiata pine (Pinus radiata D. Don), we assessed samples collected at breast height in two related progeny tests of age 8 and 9 years, established at two different sites in Australia. Green to oven-dry tangential and radial shrinkage for the outer-rings was similar at both sites. Similarly, mean longitudinal shrinkage for the outer-rings was similar at both sites (0.3 %, ranging from 0.1 to 1.9 at Flynn and 0.4 %, ranging from 0.02 to 1.6, at Kromelite). Mean longitudinal shrinkage for the inner-rings was 4 times greater than that of the outerrings at both sites. The magnitude of the gradient of longitudinal shrinkage from pith to bark (0.001 to 2.9 %) is large enough to cause distortion problems including twist and warp, during drying of sawn boards. These values also suggest that shrinkage in the juvenile core of radiata pine is of major economic importance and therefore should be improved either through genetics or silviculture.
Individual-tree narrow-sense individual heritability for tangential and radial shrinkage in the outer-rings (4-6) was moderate at Flynn (0.24 ± 0.09 and 0.26 ± 0.07, respectively). There was a lack of significant genetic variation for longitudinal shrinkage in the outer-rings but significant genetic control for the inner-rings (1-2) (h 2 = 0.26 ± 0.07). More samples per family are required to detect significant genetic variation for shrinkage traits than other traits due to higher background variation in sampling and measuring shrinkage traits rela
Introduction
Extensive literature is available on the occurrence and limitations of juvenile wood in fast growing conifers, including Pinus radiata D. Don (e.g., COWN et al., 1992; ZOBEL and SPRAGUE, 1998; VAN WYK, 2004) . In radiata pine, most of the literature deals with genetic variation in wood density components (e.g., ring density, ring width, earlywood density, latewood density, modulus of elasticity (MoE)) with tree age (KUMAR and LEE, 2002; KUMAR, 2004; LI and WU, 2005; WU et al., 2007) . Such information may be insufficient for making practi- cal assessments of dimensional stability for solid-sawn timber products and structural wood-based composites from juvenile wood (MEGRAW et al., 1998; PERSTORPER et al., 2001; JOHANSSON, 2003) . LINDSTRÖM et al. (2004) suggested that tree breeding could provide a long-term solution to improve stiffness as well as drying distortion of construction lumber. Assessing the degree and structure of genetic variation for each wood quality trait in the juvenile core that has a bearing on shape stability is likely to give a better understanding of the relationship between dimensional stability and wood properties.
Genetics of Shrinkage in
Shrinkage is the reduction in dimensions of timber during drying due to the movement of moisture out of cell walls of the wood. Wood shrinks differently in all directions (radially, tangentially, and longitudinally). Because wood is anisotropic, it normally shrinks about twice as much tangentially as radially, and shrinks by a very small amount longitudinally (COWN et al., 1991) . For example, SKAAR (1988) and HUANG et al. (2003) reported oven-dry shrinkage values of conifers in the following ranges: tangential 5 to 10 %, radial 2 to 6 %; and longitudinal 0.1 to 0.3 %. For radiata pine, the average shrinkage from green to 12 % moisture content was reported to be 4.2 % in the tangential direction, 2 % in the radial direction, and 0.02% in the longitudinal direction (COWN and MCCONCHIE, 1980) . Radial shrinkage occurs perpendicular to the growth rings, while tangential shrinkage occurs in the direction parallel to the growth rings. Tangential shrinkage is always larger than the shrinkage in the radial direction because of cell geometry, wall thickness and orientations of microfibrils in wall layers, and possibly because radial shrinkage is partly restrained by rays that run perpendicular to the growth rings (e.g., NAVI et al., 1995) . Transverse shrinkage in the first few juvenile rings is usually less than in mature wood and it may not be critical for the stability of sawn timber (JUGO ILIC Pers. Comm.). On the other hand, longitudinal shrinkage is a cause of dimensional instability frequently associated with juvenile wood (LARSON et al., 2001) . Although longitudinal shrinkage may be apparently small, for the utilization of timber, only a small variation in the longitudinal shrinkage is enough to cause bow and spring after drying (e.g., JOHANSSON, 2002) . Transverse (radial and tangential) and longitudinal shrinkage is known to increase rapidly within the first few growth rings from the pith (e.g., COWN et al., 1991) . Such gradients within timber pieces, particularly for longitudinal shrinkage, can themselves be detrimental for wood products (e.g., MISHORO and BOOKER, 1988) .
Most of the studies on shrinkage of wood have investigated the cause and effect of various wood quality traits (HARRIS and MEYLAN, 1965; YING et al., 1994; MEGRAW et al., 1998; PERSTORPER et al., 2001; PLIURA et al., 2005) . Very few studies have investigated the inheritance of shrinkage. Shrinkage is said to vary from species to species, and even within any one species, considerable variation is found due to such inherent factors as structure and density (GREENHILL, 1940) . NICHOLLS et al. (1964) reported non-significant heritability for longitudinal shrinkage of radiata pine wood formed at about 10 years. KOSHY and LESTER (1994) investigated genetic variation of wood shrinkage in Douglas-fir and reported minimal genetic effects for shrinkage, except for longitudinal shrinkage at ring positions 1 and 2. This study is unique in that there have been no previous studies that have investigated the inheritance of shrinkage in the juvenile core of radiata pine.
The work described in this paper forms part of a larger study to improve juvenile wood properties in radiata pine (BALTUNIS et al., 2007; GAPARE et al., 2006a and b; MATHESON et al., submitted) . The specific objective of the study was to investigate whether shrinkage in juvenile wood of radiata pine shows exploitable genetic variation relevant to utilization of solid wood products.
Materials and Methods
The study was based on two progeny trials: BR9611, located at Flynn (latitude 38°14'S; longitude 146°45'E), Victoria and managed by Hancock Victorian Plantations, and BR9705, located at Kromelite (latitude 37°50'S; longitude 140°55'E), South Australia and managed by Green Triangle Forest Products. Both sites were initially prepared by ploughing followed by mounding, and soil drainage was considered good. Site and sampling details are presented in Table 1 . Trial maintenance at Flynn included a fertilizer application (N: P: K) at a rate of 347 kg/ha in 2000, followed by another aerial fertiliser application at a rate of 329 kg/ha in 2003. Trial maintenance at Kromelite included herbicide application in the first two years of growth aimed at complete weed control. Unlike at Flynn, there was no fertiliser application.
Flynn was planted in June, 1996 with 250 families, consisting of 88 polycross families, 157 full-sib families, and 5 controls, planted in a 10 x 25 row-column experimental design (see WILLIAMS et al., 2002) with 5 blocks and four-tree row plots. Kromelite was planted in July, 1997 with 110 families, consisting of 70 polycross families, 40 full-sib families with no controls, planted in a 10 x 11 row-column design with 5 blocks and four-tree row plots. There were 41 parents and only 16 full-sib families common to both sites. Each parent was involved in several crosses. The trees sampled in the study were selected, and approximately 0.5 m stem billets were cut at breast height in September 2004. At Flynn, two trees out of four per plot were sampled in blocks 1 and 4. At Kromelite, three trees out of four per plot in blocks 1, 2 and 3 were sampled. In total, 466 trees at Flynn and 308 trees at Kromelite were used in the analyses.
Sample preparation
After field collection, the billets of samples were stored in a refrigerated room at 4 degrees Celsius to reduce fungal (blue stain) infection. Boards of 30 mm thickness were cut from the discs with a bandsaw from bark to bark through the pith along the North-South axis. Using a thicknessing machine and a table saw, three sub-samples with dimensions 20 x 20 x 150 mm were taken from three positions of each board (B, C and D) (see Fig. 1 ). To prevent fungal infection and loss of moisture prior to assessments, the sub-samples were then dipped in sodium hypochlorite (5 % solution), wrapped with plastic (cling wrap), and covered with calico cloth soaked in sodium hypochlorite inside sealed plastic boxes. The boxes of sub-samples were then returned to the refrigerated room before shrinkage measurements.
Shrinkage measurements
The procedures for determining shrinkages for the samples were similar to those used by KINGSTON and RISDON (1961) , except sample dimensions. The samples were measured initially in a green state and subsequently oven-dried at 103 ± 2°C to determine shrinkage. Moisture content based on oven-dry weight was determined before and after reconditioning. Because samples were generated from juvenile wood, the oven dried material was in many cases distorted. This presented a problem in accurately measuring the length of samples as the curvature present exaggerated the extent of measured shrinkage. This necessitated the measurement of the maximum point of curvature and the incorporation of a correction factor to the final length measurement. The maximum curvature was measured by the jig gauge. The gauge was set to zero by a standard bar before a measurement was taken. For each of the three blocks ( Fig. 1) , radial, tangential and longitudinal dimensions were measured using a digital displacement gauge with readings graduated to 0.001 mm. One measurement was taken in the middle of the sample and subsequently adjusted for distortion and or bow.
The shrinkage value for radial, tangential and longitudinal was expressed as a percentage (%) of the green measurement. Average values of boards B and D represented the outer-rings (rings 4 to 6 at Flynn; and rings 3 to 5 at Kromelite), whereas C represented the innerrings (rings 1 and 2) close to the pith. Longitudinal gradient (pith to bark) was defined as the difference in shrinkage between outer and inner-rings. The traits assessed are summarised in Table 2 .
Genetic models
All shrinkage traits were analysed using ASREML (GILMOUR et al., 2005) using an individual tree linear model for each site separately. The mixed linear model was constructed with fixed and random effects. The fixed effects included blocks whereas the random part, which is connected to the genetic model, was constructed with genetic effects, tied to the parents of the full-sib families through a design matrix, and a relationship matrix, derived from the pedigree. No significant variation caused by full-sib family effects after accounting for parental effect or breeding value was detected in preliminary analyses. This means there was no significant dominance variance. Thus the genetic model was based on the equation P = A + E, where P is the phenotypic value, A is the additive genetic effect, and E the independent environmental effect including the genetic residual. The general linear mixed model used for the analysis was as follows:
where y is a vector of individual-tree observations, X is an incidence matrix relating observations to fixed effects, b is a vector of fixed block effects (in single-site analyses) or site and block effects (in pooled-site analyses), Z is an incidence matrix relating observations to random effects, a and e are vectors of random individual-tree additive genetic and residual error effects, assumed to be multivariate normally distributed with mean 0 and variances G and R, respectively, defined by:
where 0 is the null matrix; G is the numerator relationship matrix, which describes the additive genetic relationships among individual genotypes; R is the residual variance matrix; σ 2 a is the additive genetic variance between individual genotypes, and σ 2 e is the residual variance.
Given the components of variance estimated under model [1], estimates of heritability for each trait at each trial were obtained as follows: [3] in which σ 2 a , and σ 2 e represent the additive genetic variance, and residual variance, respectively. The standard errors of h 2 i were calculated according to the general expression for the variance of a ratio, based on an approximation using a first-order Taylor series expansion (LYNCH and WALSH, 1998) .
Results and Discussion

Variation of shrinkage traits
Table 2 presents estimates of average values for tangential, radial, and longitudinal shrinkage, ratio of tangential to radial shrinkage, and the longitudinal gradient from pith to bark at Flynn and Kromelite. Tangential shrinkage (TS) for outer-rings (4 to 6) at Flynn averaged 6.1%, ranging from 3.8 % to 7.9 %. Similarly, tangential shrinkage (TS) for outer-rings (3 to 5) at Kromelite averaged 5.7 %, ranging from 2.9 % to 7.8 %. As expected, radial shrinkage (RS) (perpendicular to or across annual rings) for outer-rings at both sites was approximately half that of tangential shrinkage (shrinkage parallel to the annual growth rings). For example, radial shrinkage at Flynn was 3.6 % compared to tangential shrinkage of 6.1% (2:1 ratio) ( Table 2) . SHUPE and CHOONG (1995) reported a similar ratio in corewood of Liquidambar styraciflua. Our results also agree with those of KOSHY and LESTER (1994) who reported 8.14 % tangential shrinkage and 4.54 % radial shrinkage at ring 5 in Douglas-fir. Shrinkage values for both tangential and radial fall within expected ranges for conifers (5 -10 % for tangential; 2-6 % for radial) (e.g., HUANG et al., 2003) .
The ratio of tangential to radial shrinkage (TRR) is important because it provides information on the dimensional stability of wood. A low ratio is important where dimensional stability is required (e.g., LOWELL and KRAHMER, 1993) . However, due to ring angle caused by the wandering pith inherent in sample C (inner-rings) and to some extent, ring curvature close to the pith; it is generally not possible to distinguish between tangential and radial shrinkage values for the inner-rings close to the pith. This is partly because any shrinkage in samples close to the pith will be a function of both radial and tangential shrinkage. We attempted adjustments for ring curvature following DUMAIL and CASTERA (1997) but this had minimal effects. Therefore, no estimates of either radial or tangential shrinkage are presented in this study for inner-rings (sample C).
Mean values for longitudinal shrinkage (LSO) in outer-rings at Flynn and Kromelite were significantly different ( Table 2) . These values were found to be slightly greater than expected for most conifers (0.1 to 0.3 %), including radiata pine. In addition, average longitudinal shrinkage (LSI) for the inner-rings (1-2) were greater than those of the outer-rings 4 to 6 (LSO) and far exceeded the expected threshold values of 0.1 to 0.3 % at both sites. In a study of Douglas-fir, KOSHY and LESTER (1994) found a decreasing pattern in longitudinal shrinkage from pith to bark. PERSTORPER et al. (2001) also found a decreasing trend in longitudinal shrinkage from pith to bark in a fast-grown stand of Norway spruce. Decrease in longitudinal shrinkage from pith to bark has been attributed to the decrease in microfibril angle of the S-2 layer, and grain spirality within the juvenile core zone close to pith (e.g., WALKER and BUTTERFIELD, 1996; BENGTSSON, 1997; HUANG et al., 2003) . Another influence might be the increase in proportion of latewood that is closely connected with the radial decrease in ring width from pith to bark. BALTUNIS et al. (2007) reported a radial decrease in ring width from pith to bark for the same genetic material. Average density was significantly lower at Kromelite than at Flynn and growth rates were greater at Kromelite than at Flynn (BALTUNIS et al., 2007) . The Kromelite site was observed to be more uniform, at lower elevation with greater rainfall and a more productive soil ( Table 1 ). In addition, microfibril angle (MfA) in the juvenile core ranged from 17.7°to 43.1°at both sites but with higher MfA at Kromelite than at Flynn (BALTU- NIS et al., 2006) . It has been demonstrated that wood shrinks longitudinally by a significant amount when MfA exceeds 35o (HARRIS and MEYLAN, 1965) and our data suggest the same.
The longitudinal shrinkage values may be relatively small, but they have importance to utilization, and only a small variation in longitudinal shrinkage is enough to make solid wood products unstable and cause warping and twisting in planks after drying (e.g., MEGRAW et al., 1998; JOHANSSON, 2002) . The gradient of longitudinal shrinkage from pith to bark, just like that of spiral grain can also be of economical importance in the juvenile core of radiata pine (MISHORO and BOOKER, 1988) . The magnitude of the gradient observed for longitudinal shrinkage (range 0.001 to 2.9 %; mean 0.97 %) is large enough to cause distortion problems including twist, during drying of sawn boards (e.g., BÄCKSTRÖM et al., 2006) . This suggests that the internal gradient of longitudinal shrinkage from pith to bark within individual boards is important in addition to the magnitude of shrinkage itself.
Heritability estimates
Individual-tree narrow-sense heritabilities for tangential and radial shrinkage for the outer-rings at Flynn were 0.24 ± 0.09 and 0.26 ± 0.07, respectively. However, there was a lack of significant genetic variation for longitudinal shrinkage for the outer-rings at Flynn. For the inner-rings, there was moderate individual-tree narrowsense heritability (0.25 ± 0.06) for longitudinal shrinkage. In addition, there was a high individual narrowsense heritability (0.48 ± 0.12) for the ratio of tangential to radial shrinkage for the outer-rings. The ratio provides information on the dimensional stability of wood. However, selection for tangential and radial shrinkage reduction is likely to reduce the ratio of the two traits.
Genetic variation for all of the shrinkage traits at Kromelite was observed to be non-significant, despite significant genetic variation at Flynn (Table 3) . Previous studies on the same genetic material, BALTUNIS et al. (2007), GAPARE et al. (2006b) and MATHESON et al. (submitted) found significant and exploitable genetic variation for MoE, spiral grain and acoustic time of flight, respectively. For example, MATHESON et al. (submitted) reported a lower heritability for acoustic time of flight at Kromelite (h 2 = 0.44) than at Flynn (h 2 = 0.67). Similarly, BALTUNIS et al. (2007) reported lower heritability estimates for MoE (h 2 = 0.37) than at Flynn (h 2 = 0.69). This suggests that the genetic variances being estimated are smaller at Kromelite than at Flynn. The heritability estimates for shrinkage traits at Flynn were generally moderate and estimates for Kromelite seem likely to be even lower. Low heritability is sensitive to small sample size per family which probably explains results of BAL- TUNIS et al. (2007) who also found non-significant genetic variation for increment core length at Kromelite for the same genetic material. We suggest that even though the sample size (3 trees per family) at Kromelite was larger than at Flynn (2 trees per family), it was still too small to detect significant genetic variation at Kromelite, even though the number of families was adequate (110 families). To examine this, we used analyses for stem diameter (DBH) where we had data for all 20 trees per family in the same trial. Significant genetic variation was detected when DBH was analysed using 20 trees per family (unpublished data). However, when we analysed the three trees per family assessed for shrinkage with DBH measurements and estimated variances for DBH, we did not detect any significant genetic variation. This suggests that for traits with lower levels of additive genetic control, larger sample sizes per family are required to detect significant genetic variation. In addition, shrinkage traits usually incur high noise in sampling and measurement processes. We pooled the data from both sites for joint analyses. The joint analyses yielded similar estimates of heritability as from Flynn (Table 3) . We therefore concluded that larger sample sizes per family are required for traits with inherently low genetic control.
In contrast to other wood quality traits, there is limited information on heritability estimates for shrinkage traits in conifers. KOSHY and LESTER (1994) reported non-significant heritability estimates for both tangential and radial shrinkage for rings 4 and 5 in Douglas-fir. Work by NEPVEU and VELLING (1983) on silver birch showed moderate individual-tree narrow-sense (0.32) and broad-sense (0.38) heritabilities for tangential shrinkage but showed no significant heritabilities for radial shrinkage.
Our findings suggest that heritability for longitudinal shrinkage decreases from pith to bark. We found a lack of significant genetic variation for longitudinal shrinkage for the outer-rings but significant genetic variation for the inner-rings (1 to 2 rings) (0.25 ± 0.06). In a study involving 12 half-sib families of Douglas-fir, KOSHY and LESTER (1994) reported a gradual decrease in heritability from pith (h 2 = 0.39) to ring position 5 (h 2 = 0). Studies by NICHOLLS et al. (1964) showed non-significant heritability for longitudinal shrinkage of wood in radiata pine outer-rings, again reflecting large noise in data for shrinkage traits.
As shrinkage traits are related to other wood properties including wood density, spiral grain, microfibril angle, chemical structure and compression wood content and MoE, a change in any of these traits is likely to have an effect on both directional and volumetric shrinkage of wood (e.g., LINDSTRÖM et al., 2005) . For example, MfA is one of the major factors that controls MoE (a major breeding objective for radiata pine breeding in Australia, see IVKOVIĆ et al. 2006 ) and is also a predictor of tendency to warp (MYSZEWSKI et al., 2004) . For instance, a reduction in MfA and increase in MoE in the first growth rings should improve the structural and shrinkage properties of wood because a lower MfA and spiral grain in the first growth rings will limit volumetric shrinkage, and therefore, the drying distortion of sawn timber (LINDSTRÖM et al., 2005) . Consequently, a reduction in the pith-to-bark gradient for traits such as MfA and MoE would reduce shrinkage and drying distortion of sawn timber. Therefore, a suitable alternative for dealing with challenges of shrinkage measurements in the juvenile core of fast-grown conifers include breeding for reduced MfA and increased MoE in the juvenile core. ILIC (2004) reported an R 2 of 0.90 between longitudinal shrinkage and acoustic velocity in radiata pine. High correlation between sound wave velocity and longitudinal shrinkage makes us of acoustic measurement techniques advantageous for tree improvement.
Conclusions
We investigated the inheritance of shrinkage in the juvenile core of radiata pine. Our findings have significant implications for breeding efforts to reduce shrinkage in the juvenile core of radiata pine. To our knowledge, this is the largest study investigating the genetic control of shrinkage in conifers conducted to date. The most important results and conclusions were the following:
1. Longitudinal shrinkage values for both inner-and outer-rings exceeded the expected threshold values for most conifers, which suggests that longitudinal shrinkage in the juvenile core of radiata pine is a trait of economic importance and should be improved by genetics or silviculture.
2. There was moderate additive genetic control for radial and tangential shrinkage in the outer-rings and also for longitudinal shrinkage in the inner-rings.
3. More samples are required to study genetic variation for traits that generally have low levels of additive genetic control such as shrinkage traits relative to other wood quality traits such as density, MfA and MoE because of expected higher noise in sampling and measuring shrinkage traits.
4. Understanding the degree to which longitudinal shrinkage is related to other wood quality traits such as MfA, MoE and acoustic sound velocity is important for an indirect measurement of shrinkage or dimensional stability and for indirect selection for tree improvement for shrinkage traits, especially longitudinal shrinkage.
